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Edited by Felix WielandAbstract In this study we identiﬁed snapin as an interaction
partner of the CK1 isoform delta (CK1d) in the yeast two-hybrid
system and localized the interacting domains of both proteins.
The interaction of CK1d with snapin was conﬁrmed by co-immu-
noprecipitation. Snapin was phosphorylated by CK1d in vitro.
Both proteins localized in close proximity in the perinuclear
region, wherein snapin was found to associate with membranes
of the Golgi apparatus. The identiﬁcation of snapin as a new sub-
strate of CK1d points towards a possible function for CK1d in
modulating snapin speciﬁc functions.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The casein kinase 1 (CK1) family is a group of highly related
serine/threonine speciﬁc kinases found in all eukaryotic organ-
isms (reviewed in [1,2]). CK1 isoforms have been detected in
the nucleus and the cytoplasm, either soluble or associated
with cellular structures, e.g. with the cytoskeleton or with
membrane structures. The ability to phosphorylate a wide
spectrum of substrates suggests the involvement of CK1 in
many diﬀerent processes, among them circadian rhythms, cell
proliferation, diﬀerentiation and cell death, microtubule
dynamics, DNA repair, vesicle transport and membrane spe-
ciﬁc processes (reviewed in [1–3]). So far, several mechanisms
have been identiﬁed that modulate CK1 activity, e.g. subcellu-Abbreviations: CK1dKD, casein kinase 1 delta kinase domain; YTH,
yeast two-hybrid; Bloc1, biogenesis of lysozyme-related complex-1;
SNAP, synaptosomal-associated protein; SNARE, soluble N-ethylma-
leimide-sensitive fusion protein attachment protein receptor; CK1BP,
CK1 binding protein
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doi:10.1016/j.febslet.2006.10.068lar compartimentation, autophosphorylation, dephosphoryla-
tion, site-speciﬁc cleavage by proteases and interaction with
cellular proteins (reviewed in [2]). Recently, CK1-binding pro-
tein (CK1BP), a homologue of dysbindin, which is involved in
protein traﬃcking and lysosome biosynthesis, has been shown
to interact with several CK1 isoforms, thereby inhibiting CK1
activity [4].
The yeast two-hybrid (YTH) system is a powerful tool to de-
tect protein–protein interactions that lead to the identiﬁcation
of several CK1 interacting proteins [4–7]. In this study, we
identiﬁed snapin as a novel interaction partner of CK1d in
the YTH system. While snapin was originally identiﬁed as a
SNAP25 interacting protein and described to be an exclusively
neuronal protein that regulates the association of the calcium
sensor synaptotagmin with the SNARE complex [8], this func-
tion in neurotransmitter release is still discussed contro-
versially [9]. More recently, snapin has been described as a
non-neuronal protein interacting with the homologous, ubiq-
uitously expressed SNAP23 [10] and as a component of the
biogenesis of lysosome-related complex-1 (BLOC-1) [11].
The ability of snapin to interact with CK1d is consistent with
the hypothesis that CK1d might be involved in the regulation
of vesicle transport processes.2. Materials and methods
2.1. Construction of plasmids
The construction of the bait plasmids pGBKT7-wt-CK1d and
pGBKT7-mt-CK1d and of several yeast expression plasmids contain-
ing N- or C-terminal truncated fragments of CK1d has been described
elsewhere [6].
pGBKT7-KD-CK1d containing the kinase domain and pGBKT7-
CT-CK1d containing the C-terminal domain of CK1d as well as
pGBKT7-CK1a, pGBKT7-CK1c3 and pGBKT7-CK1e were kindly
provided by David Meek, Dundee, Scotland [5].
cDNAs of several fragments of murine snapin (Table 1) were ampli-
ﬁed by PCR from a GAL4 Matchmaker mouse testis library in pACT2
(Clontech, Takara Bio Inc., USA) using the primers listed in Table 2.
PCR products were cloned into pcDNA3.1/V5-His-TOPO (Invitro-
gen Corp., USA) and subcloned into pGADT7, pEYFP-C1 (both
Clontech, Takara Bio Inc., USA) and pGEX-4T-3 (GE Healthcare,
USA).2.2. Yeast two-hybrid assay
We co-transformed the yeast strain AH109 with pGBKT7-mt-CK1d
and the mouse testis library in pACT2 (Clontech, Takara Bio Inc,
USA) and performed a yeast two-hybrid analysis as described previ-
ously [6] to screen for novel CK1d interacting proteins. To eliminate
auto-activating library plasmids or plasmids containing proteins whichblished by Elsevier B.V. All rights reserved.
Table 2
Sequences of snapin speciﬁc primers
Primer Sequence
Snapin-1 50-tagaattctcatatggccgcagctggttcc-30
Snapin-2 50-tagaattctcatatggtgcagcagctcgactct-30
Snapin-3 50-tagaattctcatatggacccctatgttaagaag-30
Snapin-4 50-tactcgaggtacctagagctgctgcacc-30
Snapin-5 50-tactcgaggtacctacagatccagggcca-3 0
Snapin-6 50-tactcgaggtacctatttgcttggagaaccag-3 0
Table 1
Generation of murine snapin fragments
Primer Snapin fragment aa Snapin
Snapin-1 + snapin-6 Snapin1–136 1–136
Snapin-1 + snapin-4 Snapin1–40 1–40
Ssnapin-1 + snapin-5 Snapin1–78 1–78
Ssnapin-2 + snapin-5 Snapin3778 37–78
Ssnapin-2 + snapin-6 Snapin37136 37–136
Ssnapin-3 + snapin-6 Snapin79136 79–136
6478 S. Wolﬀ et al. / FEBS Letters 580 (2006) 6477–6484interacted with the GAL4 DNA binding domain, library plasmids iso-
lated from positive yeast clones were co-transformed with pGBKT7
into AH109. False positive library plasmids were identiﬁed after
co-transformation with pAS2-LaminC. The cDNA inserts of true
positive plasmids were sequenced.
2.3. Culture and transfection of cells
F111 [12], Balb/C 3T3 [13], NRK [14] and Kplus cells [15] were
maintained in Dulbecco’s modiﬁed Eagle’s medium (DMEM) contain-
ing 10% heat-inactivated fetal calf serum (FCS) (Gibco, Takara Bio
Inc., USA) at 37 C under 5% (v/v) CO2 atmosphere. PC12 cells were
grown in DMEM supplemented with 10% heat-inactivated horse
serum and 5% FCS. Subconﬂuent cells were transfected using Eﬀectene
Transfection Reagent (Qiagen, Germany) according to the manufac-
turer’s instructions.
2.4. Antibodies and production of antibodies
The peptide CLNHSVAKETARRRAMI (aa 109–aa 124 of human
and murine snapin) was coupled to KLH, emulsiﬁed in TiterMax Gold
(Sigma–Aldrich, Germany) and used for subsequent subcutaneous
injections of rabbits. After three to four boosts the animals were bled
out. Depletion experiments using GST-snapin1-136 or the snapin spe-
ciﬁc peptide for the preincubation with the snapin-speciﬁc serum
clearly demonstrated the speciﬁcity of the anti-snapin serum. Addition-
ally, the following monoclonal mouse antibodies were used: anti-
a-mannosidase II (53FC3, George Banting, Bristol), anti-CK1d
(IC128A, Icos Corp., USA), anti-V5 epitop, anti-GFP (both from
Invitrogen), and anti-GST (Upstate, GB). Donkey anti-rabbit ALEXA
Fluor 488, donkey anti-rabbit ALEXA Fluor 568 and goat anti-mouse
ALEXA Fluor 568 conjugated IgGs (H + L) were purchased from
Molecular Probes (Molecular Probes, Invitrogen, USA), anti-mouse
peroxidase-conjugated IgG from SAPU (SAPU, GB).
2.5. Cell lysis, immunoprecipitation, SDS–PAGE and Western blotting
Cells were seeded 24 h before transfection with pCDNA3.1-V5-CK1
d26–428, pEYFP-C1 and pEYFP-snapin1–136. 24 h after transfection,
cellular lysates were obtained as described previously [6]. Cleared
extracts were subjected to immunoprecipitation using 1 lg of anti-V5
or anti-GFP antibodies per 106 transfected cells and Protein A-Sephar-
ose beads (PAS) (GE Healthcare, USA). Negative controls were done
using mouse IgG (Jackson ImmunoResearch Europe Ltd., GB).
Immunoprecipitates were analyzed as described before [6].
2.6. Fluorescence microscopy
NRK cells were seeded 24 h before transfection with pEYFP-sna-
pin1–136. 24 h after transfection, the cells were ﬁxed and permeabilized
with ice-cold methanol. Where indicated cells were treated with 5 lg/mlBrefeldin A (BFA) for 10–30 min prior to ﬁxation. Cells were analyzed
with an epiﬂuorescence microscope IX81 (Olympus, Germany) by
using a z-projection of acquired z-stacks.
2.7. Expression and puriﬁcation of glutathione S-transferase fusion
proteins
The expression and puriﬁcation of GST, GST-snapin fusion pro-
teins, GST-LC22629–2805, GST-p531–64 and GST-MAP4640–1125 was
done as described [16].
2.8. In vitro kinase assays
In vitro kinase assays were carried out as described previously [6,17]
using 1.5–2.5 pmol of GST, GST-LC22629–2805, GST-snapin1–136, GST-
MAP4640–1125, GST-p531–64, and GST-tau fusion proteins as sub-
strates. Reactions were started by adding the kinase domain of CK1d
(CK1dKD, NEB, USA) as enzyme and incubated at 30 C for 45 min
or as indicated. Alternatively, phosphorylation of GST-p531–64
was performed using CK1dKD having been preincubated with diﬀerent
amounts of GST-snapin1–136 for 30 min at 30 C.
2.9. Phosphopeptide analysis
In vitro phosphorylated GST-snapin1–136 was analyzed by two-
dimensional phosphopeptide analysis as described earlier [6].3. Results and discussion
3.1. Snapin speciﬁcally interacts with CK1a, CK1d and CK1e in
the yeast two-hybrid system
To identify new interaction partners of CK1d, we used the
mutant CK1d variant CK1drev, exhibiting only one third of
kinase activity compared to wt CK1d [6], and a mouse testis
cDNA library in the YTH system. Transformed yeast cells
were selected on semi-stringent SD/-Trp/-Leu/-His plates,
followed by replating positive colonies onto SD/-Trp/-Leu/-
His/-Ade plates for a more stringent selection. From a positive
clone we isolated a plasmid termed pVII9 containing bp 118–
408 of murine snapin (Fig. 1A). A cDNA encoding full-length
murine snapin was ampliﬁed by PCR from the mouse testis
cDNA library and used for analysis of the interaction between
snapin and CK1d.
pVII9 and pGBKT7-mt-CK1d, pGBKT7-wt-CK1d,
pGBKT7-CK1a, pGBKT7-CK1c3 and pGBKT7-CK1e
respectively, were co-transformed into AH109 to analyze dif-
ferent CK1 isoforms for their capability to interact with snapin
in the YTH system. Transformants of the snapin/CK1drev,
snapin/CK1dwt, snapin/CK1a and snapin/CK1e co-transfor-
mations were able to grow on SD/-Leu/-Trp/-His/-Ade plates
and exhibited b-Gal activity, whereas CK1c3 did not show
any interaction with snapin (Fig. 1B). Furthermore, snapin
did not interact with the GAL4 DBD or GAL4 DBD-lamin
C, underlining the speciﬁcity of the interaction of snapin with
CK1drev, CK1dwt, CK1a and CK1e (Fig. 1B).
3.2. Interaction domains of CK1d and snapin
Fragments of snapin were analyzed in the YTH system for
interaction with wt CK1d. Snapin37–136 exhibited a strong
interaction, the strength was similar to that between the
‘‘full-length’’ snapin1–136 and wt CK1d. Only very weak or
no interactions were detected for the shorter fragments sna-
pin1–40, snapin1–78, snapin37–78 or snapin79–136 (Fig. 1C), indi-
cating that aa 37–136 of snapin are necessary to mediate the
interaction with CK1d in the YTH system. This region
contains two motifs with a predicted a-helical structure be-
tween aa 37 and aa 65 (H1) and aa 81 and aa 126 (H2) [10].
Fig. 1. Interaction of snapin and CK1d. (A) A 97 aa fragment of murine snapin interacted with CK1d in the YTH system. A schematic map of
snapin adopted from Buxton et al. [10] illustrates the positions of diﬀerent hypothetical domains. TM: hydrophobic segment (putative
transmembrane domain), H1, H2 helical segments, Myr: putative myristylation site, Gly: putative glycosylation site (B) The yeast strain AH109 was
co-transformed with pVII9 expressing snapin and pGBKT7-CK1a, pGBKT7-CK1c3, pGBKT7-CK1e, pGBKT7-mt-CK1d, pGBKT7-wt-CK1d,
pGBKT7 or pAS2-LaminC. The ability of the transformants to grow on selective SD/-Leu/-Trp/-His/-Ade plates was analyzed. (C, D) The
interaction of diﬀerent fragments of snapin with wt CK1d (C) or diﬀerent fragments of wt CK1d with snapin (D) was analyzed in the YTH system.
pGBKT7-wt-CK1d expressing wt CK1d and a series of pGADT7-snapin plasmids expressing diﬀerent fragments of snapin (C) or pGADT7-
snapin1–136 and a series of plasmids expressing diﬀerent fragments of wt CK1d (D), respectively, were transformed into S. cerevisiae AH109. The
transformants were assayed for growth on SD/-Trp/-Leu/-His/-Ade and b-galactosidase expression. Schematic representations of the respective
fragments are shown. The numbers refer to the aa positions. A strong interaction is represented by a black rectangle; a weak interaction or no
interaction is represented by a white rectangle. (E) EYFP-snapin1–136 and V5-CK1d26–428 were overexpressed in F111 cells (lane 1, whole cell extract)
and either co-immunoprecipitated with a monoclonal V5 speciﬁc antibody (lane 2), anti-GFP antibody (lane 3) or with unspeciﬁc mouse IgG (lane 4).
EYFP-snapin was detected with the anti-GFP antibody, CK1d was detected using the anti-V5 antibody. F111 cells were transfected with pEYFP-C1
and pcDNA-CK1d26–428 (lane 5, whole cell extract) and immunoprecipitated with an anti-GFP antibody (lane 6), or transfected with pEYFP-
snapin1–136 alone (lane 7, whole cell extract) and immunoprecipitated with the anti-V5 antibody (lane 8). Lanes 1, 5 and 7: 1% of the total input of the
IPs.
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not confer binding to CK1d, the interaction is either simulta-
neously mediated by binding motifs within both subdomains,
or these two essential parts participate in the generation of
one single binding motif. Two independent interaction do-
mains for snapin within the N- and C-terminus of wt CK1d
were detected in the YTH system. The N-terminal binding site
was located within aa 200–aa 304 of the kinase domain. The C-
terminal binding domain required the presence of aa 400–428
(Fig. 1D).
3.3. Overexpressed CK1d and snapin interact in cellular lysates
of F111 cells
F111 ﬁbroblasts were co-transfected with pEYFP-snapin1–
136 and pcDNA-CK1d26–428, encoding a truncated CK1d lack-
ing the ﬁrst 25 aa, that runs below the immunoglobulin heavy
chain in Western blot analysis (Fig. 1E, lane 1). Immunopre-
cipitation of V5-CK1d26–428 using a V5 speciﬁc antibody co-
precipitated EYFP-snapin (lane 2). V5-CK1d26–428 could be
co-precipitated with EYFP-snapin1–136, using an anti-GFP
antibody (lane 3). None of the two overexpressed proteins pre-
cipitated with unspeciﬁc mouse IgG (lane 4). V5-CK1d26–428
did not interact with EYFP (lanes 5 and 6), and EYFP-snapin1–136 alone did not precipitate with the V5 speciﬁc anti-
body (lanes 7 and 8).
3.4. Snapin and CK1d localize in close proximity in a perinuclear
membrane structure in NRK cells
We analyzed the subcellular distribution of CK1d and over-
expressed EYFP-snapin1–136 as well as endogenous snapin,
since the presence in close proximity within the same subcellu-
lar compartment can indicate a possible interaction.
In NRK rat ﬁbroblasts overexpressing EYFP-snapin, a
diﬀuse cytoplasmic and nuclear staining as well as a sharply
conﬁned sector around the nucleus was visible (Fig. 2). Endo-
genous CK1d was detectable perinuclear like EYFP-snapin,
but the cytoplasmic staining was more granular and less
diﬀuse. In the perinuclear sector, EYFP-snapin and CK1d
were in close proximity suggesting a co-localization.
Furthermore, the subcellular localization of endogenous
snapin and CK1d was addressed in NRK cells (Fig. 2). The
endogenous snapin showed a perinuclear localization similar
to EYFP-snapin, but was barely visible in the cytoplasm and
not at all in the nucleus. The cellular distribution of snapin
resembled the distribution shown in COS7 cells and 3T3-L1
adipocytes by Buxton et al. [10]. The ﬁrst 20 aa of snapin
Fig. 2. Snapin and CK1d localize in close proximity in NRK cells. EYFP-snapin1–136 overexpressing NRK cells were ﬁxed with ice-cold methanol
and stained with the monoclonal antibody IC128A against CK1d 24-48 h after transfection. Endogenous snapin was detected in NRK cells using a
polyclonal rabbit serum. CK1d was detected with IC128A. In the merged images, CK1d is shown in red and snapin is shown in green. Sector
magniﬁcations of the perinuclear region are added to the respective pictures. Bar: 20 lm.
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domain, and it was postulated that snapin is a transmembrane
protein being associated with synaptic vesicles in neuronal cells
[8]. CK1d exhibited the localization already observed. Despite
being localized in close proximity within the perinuclear re-
gion, a greater magniﬁcation of the ﬂuorescence overlay dem-
onstrated that there was only little co-localization, but rather a
localization in diﬀerent neighbouring subcompartments. A
similar localization of both proteins was detected in murine
Balb/C 3T3, rat F111 and rat neuronal PC12 cells (data not
shown), indicating that these two proteins potentially interact
in higher eukaryotic cells.
3.5. Snapin co-localizes with the Golgi marker protein
a-mannosidase II
Previously, a partial co-localization of CK1d with trans
Golgi network (TGN) and Golgi markers has been observed
[18,19]. We visualized the Golgi-apparatus in NRK ﬁbroblasts
using a monoclonal antibody to the cis/medial Golgi marker
protein a-mannosidase II. The juxtanuclear Golgi apparatus
partly overlapped with the immunoreactive structure detected
by the snapin speciﬁc antiserum (Fig. 3). The greater magniﬁ-
cation of the overlay displayed a partial co-localization of
snapin with the Golgi marker protein a-mannosidase II.
Furthermore, snapin was visualized in Kplus cells stably
expressing the TGN marker protein GFP-TGN38. Both pro-
teins were localized within the same perinuclear region, but
snapin did not co-localize with TGN38 (Fig. 3).
Brefeldin A (BFA) alters the morphology and dynamics of
membraneous organelles of the secretory pathway [20,21].
We analyzed the eﬀects of BFA on the snapin positive, perinu-
clear structures in NRK cells (Fig. 3). 10 min after BFA treat-
ment, the snapin and the a-mannosidase II immunoreactive
perinuclear structures disappeared, resulting in a diﬀuse cyto-plasmic distribution of both proteins. For the TGN38 immu-
nopositive perinuclear staining, a transient peripheral
vesicular staining appeared which ﬁnally collapsed at the
MTOC, which was at any given time point diﬀerent from sna-
pin positive structures, indicating that snapin rather associates
with the Golgi apparatus than with the TGN.
3.6. CK1d phosphorylates snapin in vitro
The functions of neuronal and non-neuronal SNARE pro-
teins are regulated by phosphorylation [20,22]. We analyzed
if snapin, puriﬁed as a GST fusion protein, could be phosphor-
ylated by CK1dKD in vitro and compared the degree of phos-
phorylation with known CK1d substrates (Fig. 4A) like
MAP4, GST-p531–64 and GST-tau [18]. CK1dKD was able
to phosphorylate GST-snapin1–136 (lane 3) to a similar extent
as GST-MAP46401125 (lane 4) and to a greater extend than
the recently described in vitro substrate GST-LC226292805
(lane 2) [6], while GST-snapin1–136 was less phosphorylated
than GST-tau (lane 6) and GST-p531–64 (lane 5). GST alone
(lane 1) was not phosphorylated at all (Fig. 4A).
While GST-snapin1–136 was considerably less phosphory-
lated than GST-p531–64, a substrate that has a high aﬃnity
for CK1d and contains multiple phosphoacceptor sites, sna-
pin1–136 exhibited a strong interaction with CK1d in the
YTH system. To determine whether GST-snapin1–136 could
compete with GST-p531–64 for CK1d binding and phosphory-
lation, CK1dKD was preincubated with increasing amounts of
GST-snapin1–136 for 30 min, followed by adding GST-p531–64
to the in vitro kinase assay (Fig. 4B). Increasing amounts of
GST-snapin1–136 resulted in a signiﬁcant reduction of GST-
p531–64 phosphorylation, indicating that snapin1–136 was com-
petent to reduce GST-p531–64 phosphorylation signiﬁcantly,
although being a less intensely phosphorylated substrate, prob-
ably due to a smaller number of phosphoacceptor sites or a
Fig. 3. Snapin co-localizes with Golgi, but not with post-Golgi marker proteins in NRK and Kplus cells. NRK and Kplus cells were treated with
5 lg/ml Brefeldin A for 10 min or were left untreated before ﬁxation with ice-cold methanol. In the upper panel, the Golgi-apparatus was detected in
NRK ﬁbroblasts with an antibody speciﬁc for the Golgi marker protein anti-a-mannosidase II, while snapin was visualized using the anti-snapin
speciﬁc rabbit serum. In the merged images, a-mannosidase II is shown in green and snapin in red. Snapin was stained in Kplus cells expressing the
TGN speciﬁc protein GFP-TGN38. In the overlay of the ﬂuorescence channels, snapin is shown in red and GFP-TGN38 in green.
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to get more information about the number of phosphorylated
aa residues, GST-snapin1–136 was phosphorylated by CK1dKD
in a time course reaction over 90 min (Fig. 4C). 1–1.5 mol of
phosphate were incorporated per mole of protein, indicating
the existence of more than one phosphorylation site for
CK1d in the snapin molecule. Tryptic phosphopeptides of
GST-snapin1–136 were analyzed by two-dimensional phospho-peptide analysis as described in section 2 (Fig. 4D). Several
major and minor phosphorylated tryptic peptides were de-
tected, further indicating that CK1d phosphorylates more than
one aa residue of GST-snapin1–136.
To determine the region of snapin that contains the
amino acid residues phosphorylated by CK1d in vitro, sev-
eral GST-snapin fragments were used as substrates. GST-
snapin1–78 was stronger phosphorylated than the ‘‘full-length’’
Fig. 4. CK1d phosphorylates snapin in vitro. (A) In vitro kinase assays were performed using equal protein amounts of GST (lane 1), GST-
LC226292805 (lane 2), GST-snapin1–136 (lane 3), GST-MAP46401125 (lane 4), GST-p531–64 (lane 5) and GST-tau (lane 6) as substrates and the kinase
domain of CK1d (NEB) as enzyme. The phosphorylated proteins were separated by SDS–PAGE and visualized by Coomassie staining; the degree of
phosphorylation was documented by autoradiography. (B) Increasing amounts of GST-snapin1–136 (0.5–3 lg) were incubated for 30 min at 30 C
with CK1dKD. GST-p531–64 was added for another 30 min. Both proteins were separated by SDS–PAGE. Incorporated phosphate was quantiﬁed by
Cerenkov counting. (C) CK1dKD incorporates up to 1.5 mol phosphate into GST-snapin1–136. GST-snapin1–136 was phosphorylated in vitro for the
indicated periods of time. Incorporated phosphate was quantiﬁed by Cerenkov counting after separation of phosphorylated proteins in SDS–PAGE.
(D) Two-dimensional phosphopeptide analysis of GST-snapin1–136. GST-snapin1–136 was phosphorylated in vitro by CK1dKD. Tryptic
phosphopeptides were separated two-dimensional on cellulose thin-layer plates (spotted at the origin, marked with a black square) and visualized
by autoradiography. (E) The GST-snapin fusion proteins GST-snapin1–40 (lane 1), GST-snapin1–78 (lane 2), GST-snapin1–136 (lane 3), GST-
snapin3778 (lane 4), GST-snapin37136 (lane 5) and GST-snapin79–136 (lane 6) as substrates and the kinase domain of CK1d (NEB) as enzyme. The
degree of phosphorylation was documented by autoradiography with a constant exposure time for all analyzed proteins.
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lated, though to a lesser extent than GST-snapin1–78 and
GST-snapin1–136. GST-snapin1–40, GST-snapin37–136, and GST-
snapin79–136 were only weakly phosphorylated (Fig. 4E). These
results indicate that the conformation of snapin seems to inﬂu-
ence CK1d mediated phosphorylation and support that CK1d
phosphorylates more than one site of GST-snapin1–136 in vitro.
The motif S/T(P)-X2–3-S/T is the canonical consensus sequence
for CK1 [23,24], while a negative charge around the –3 posi-
tion of the phosphorylated S/T, provided by a cluster of acidic
aa, can replace the phosphoserine or phosphothreonine of the
canonical motif [23,25–28]. Ser42, ser50 and thr63 of snapin are
embedded in a sequence context containing acidic aa residues
N-terminal to the ser or thr residue, therefore being putative
phosphoacceptor sites for CK1d. Interactions of neuronal
and non-neuronal SNARE proteins and their associated fac-
tors are regulated by phosphorylation, changing the composi-
tion of the SNARE complex, inﬂuencing the function of the
exo- and endocytosis machinery and modulating synaptic
neurotransmitter release [20,22,29–31]. Ser50 within the H1
domain of snapin (aa 37–65) is phosphorylated by PKA, sup-
porting the binding of snapin to SNAP25 and enhancing the
interaction of synaptotagmin with the SNARE complex
in vitro [32]. Thus, phosphorylation of snapin by CK1d might
exert a regulatory eﬀect regarding the interaction of snapin
with components of the SNARE complex or with BLOC-1
components, placing CK1d as a potential regulator of exo-
and endocytosis and organelle biosynthesis.
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